Abstract Lactase is the intestinal enzyme responsible for digestion of the milk sugar lactose.
Introduction
Lactase is a digestive enzyme present on the apical membrane of intestinal epithelial cells of nearly all mammals and is responsible for hydrolyzing the lactose disaccharide in milk to yield glucose and galactose monosaccharides for mucosal absorption. Lactase gene expression is spatially restricted to the proximal and middle portions of the small intestine. Temporally, lactase levels peak in newborn mammals and decline dramatically post-weaning during maturation Freund et al. 1990; Krasinski et al. 1994; Krasinski et al. 1997; Lee et al. 2002) . In a majority of humans, the lactase maturational decline occurs during childhood (lactase nonpersistence) Fajardo et al. 1994; Sebastio et al. 1989 ). In various human populations, however, lactase persists in high levels through adulthood (lactase persistence) (Enattah et al. 2008; Enattah et al. 2002; Ingram et al. 2007; Swallow 2003; Tishkoff et al. 2007 ). Lactase persistence is a heritable autosomal dominant condition and has been strongly correlated with several single nucleotide polymorphisms (SNPs) located 14 kb upstream of the lactase gene in different ethnic populations: -13910*T in Europeans and -13907*G, -13915*G and -14010*C in several African and Arabian ethnic pastoral populations (Enattah et al. 2008; Enattah et al. 2002; Ingram et al. 2007; Swallow 2003; Tishkoff et al. 2007 ).
In vitro studies have shown that the -14-kb region DNA sequence corresponding to the lactase persistence SNPs can enhance transcriptional activation of the lactase promoter compared to the ancestral sequence in cell culture (Jensengreater affinity than the ancestral sequence (Ingram et al. 2007; Jensen et al. 2011; Lewinsky et al. 2005; Olds et al. 2011) . Due to the inability to study maturational changes in cell culture and in vitro, however, it remains to be determined whether and how the lactase persistence-associated SNPs affect lactase gene expression during development and aging in living animals.
To address these questions, we sought to generate transgenic mice carrying a luciferase reporter gene driven by a rat 2-kb lactase gene promoter fused with fragments of human DNA sequence corresponding to the lactase persistence-associated -13910*T SNP or the ancestral nonpersistence-associated -13910*C SNP. In a previous report, we established a transgenic mouse line carrying a luciferase reporter gene driven by the 2-kb rat lactase promoter (Lee et al. 2002) . The 2-kb promoter is sufficient to drive in vivo luciferase transgene expression exclusively in intestinal epithelial cells with maximal expression in the proximal and middle sections of the small intestine. Temporally, the 2-kb promoter drives high-level transgene expression in newborn pups followed by a sharp postweaning decline in adults similar to the endogenous lactase gene. In the present study, we therefore examined how addition of human lactase gene fragments carrying the lactase persistence -13910*T SNP or the ancestral -13910*C SNP affects the post-weaning decline mediated by the rat lactase promoter.
Materials and methods

Materials and reagents
Restriction endonucleases were purchased from Life Technologies (Rockville, MD, USA). Reagents for PCR were obtained from Qiagen (Valencia, CA, USA). Oligonucleotides were synthesized by the protein and nucleic acid (PAN) facility of the Stanford University Medical Center.
Subcloning of the lactase SNP region promoter-reporter transgene constructs DNA fragments corresponding to the nucleotide sequence surrounding the -13910*C/T SNP region of the human lactase gene were generated by PCR amplification as previously described (Olds and Sibley 2003) . Specifically, 218-bp fragments of the human lactase gene -13910*C/T SNP region were PCR-amplified using a forward oligonucleotide corresponding to nt -14017 to -13994, 5 0 -AGACGTA AGTTACCATTTAATAC-3 0 and a reverse oligonucleotide corresponding to nt -13800 to -13821, 5 0 -CGTTAAT ACCCACTGACCTATC-3 0 . Both primers were synthesized with a 5 0 terminal MluI restriction site for subsequent cloning. The -13910*C/T SNP region (-14017 to -13800) was PCR-amplified from Caco-2 cell genomic DNA to generate the -13910*T SNP region fragment. Similarly, the -13910*C/T SNP region was amplified from RP11-34L23, a human genomic DNA BAC clone (BACPAC Resources), to yield the -13910*C SNP region fragment. The -13910*C/T SNP region lactase promoter-reporter constructs were generated by cloning the PCR-amplified -13910*C/T SNP region PCR products upstream of the lactase promoter in the previously described gLac2.0 k construct (Lee et al. 2002) . The gLac2.0 k construct contains a 2.0-kb fragment of the rat lactase promoter cloned upstream of the luciferase cDNA in the reporter plasmid pGL3Basic (Promega). Specifically, the internal 218-bp MluI fragment of the -13910*C and -13910*T SNP region PCR products was cloned into gLac2.0 k to generate pLacLuc-2kC and p2kLacLuc-2kT, respectively. Incorporation of the -13910*C/T SNP regions was confirmed by sequencing the constructs generated.
Transient transfection assays
Caco-2 cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum. Fortyeight hours prior to transfection, the cells were split and 35-mm dishes were seeded with 2 9 10 5 cells. For each reporter construct, a DNA transfection mixture was prepared consisting of 0.4 pmol of the reporter construct, 0.1 lg of pRL-CMV (Promega) as an internal control, and pBluescript KS ? II to adjust to a final of 2.1 lg total DNA. The individual DNA mixtures were transfected in triplicate wells into Caco-2 cells (70-80% confluent) with Lipofectamine Reagent (BRL) according to the protocol of the manufacturer. Cells were harvested 48 h following transfection (90% confluent) and luciferase activity was measured by the Dual-LuciferaseTM Reporter Assay System (Promega) as described by the manufacturer, in a Monolight 3010 luminometer (BD PharMingen). Transfection with the dual reporters (firefly luciferase for the lactase promoter-reporter plasmids and renilla luciferase for the pRL-CMV control) allowed for simultaneous expression and measurement of both reporter enzymes. Experimental lactase promoter-reporter activities were normalized to the activity of the pRL-CMV internal control and expressed as relative luciferase activity (mean values ± SD). Statistical significance (P value) was determined using Student's unpaired t test.
Production and identification of transgenic mice
The plasmids pLacLuc-2kC and pLacLuc-2kT were linearized by digestion with XmnI and purified transgene DNA was injected into fertilized mouse eggs that were reimplanted into pseudopregnant mice and allowed to develop to term. Transgenic animals were generated through the Transgenic Core Facility of the Stanford University School of Medicine. Mice carrying transgenes were identified by PCR amplification of genomic DNA using oligonucleotide primers specific for the rat lactase promoter (Verhave et al. 1995 ) (GenBankTM accession number S77839) and the firefly luciferase reporter gene (GenBankTM accession number U47295): glac (sense), 5 0 -TATCC TAGATAACCCAGTTAAA-3 0 ; luc (antisense), 5 0 -CTTTA TGTTTTTGGCGTCTTCC-3 0 . Transgenic lines were established by outbreeding founder mice.
Transgene copy number determination by quantitative PCR
Quantitative PCR was applied to determine the transgene copy numbers of the transgenic mouse lines. Primers for the LacLuc transgene were qLuc-F: 5 0 -GCCTGAAGTCTCTG ATTAAGT-3 0 and qLuc-R: 5 0 -CGGGAAGACCTGCGA CACCTG -3 0 . Primers for the internal control reference gene GAPDH were qGAPDH-F: 5 0 -GTCTCCTGCGACTTCA AC-3 0 and qGAPDH-R: 5 0 -TCATTGTCATACCAGG AAATGAGC-3 0 . Fermentas SYBR Green 29 Master Mix (K0221) was used and PCR amplifications were run on an Applied Biosystem Step One Plus Realtime PCR machine. To determine the copy number, the relative quantification by the comparative C T method (2 -DDCT ) ) was adopted and modified to take into consideration different amplification efficiencies for the LacLuc transgenes and the internal control gene GADPH. A previously characterized transgenic line, LacLuc-1.3kD, with a known copy number (N Calibrator = 11) was used as the calibrator (Lee et al. 2002) . For each transgenic line, four repeat PCR reactions were set up with 50 ng of genomic DNA as template. For the calibrator, five twofold serial dilutions of genomic DNA were used to generate a standard curve and to determine amplification efficiency for the LacLuc transgenes and the internal control GAPDH gene. The C T value, cycle number at which the amplification curve met the threshold line, was calculated by the ABI Step One Plus program. For the LacLuc and GAPDH genes, amplification efficiency E was calculated using the standard curve generated from the calibrator line. Linear regression analysis was performed with log 10 (fold dilution) as the X value and C T as the Y value. The slope was retrieved and the efficiency of the reaction (E) was calculated as E = 10^( -1/slope) -1 ). The copy number of each LacLuc transgenic line N LacLuc was then calculated using the formula:
Calibrator Þ where N LacLuc and N Calibrator are the copy numbers for the LacLuc lines (C, T1, T2) and calibrator line, respectively; E LacLuc and E GAPDH are the amplification efficiency of LacLuc and GAPDH, respectively; C T LacLuc, C T GAPDH , C T Calibrator and C T GAPDH.calibrator are the C T values of LacLuc and GAPDH in the LacLuc and calibrator lines, respectively.
Luciferase enzymatic assay
The small intestine was harvested from transgenic mice and assayed for luciferase activity using the LuciferaseTM Reporter Assay System (Promega, Madison, WI) as previously described (Lee et al. 2002) . Harvested small intestinal tissue (*50 mg) was homogenized in cell lysis buffer (500 ll), and lysate protein concentration was determined. Lysate aliquots were incubated in the presence of luciferin substrate as described by the reporter assay system, and luciferase activity was quantified in a Monolight 3010 luminometer (BD PharMingen). The results are reported as relative light units per lg of total protein.
In vivo bioluminescence imaging
Transgenic mice were anesthetized using isoflurane, and an aqueous solution of the substrate D-luciferin (150 mg/kg) was injected into the peritoneal cavity 5 min before imaging. The mice were then placed in a light-tight chamber and imaged with an intensified charge-coupled device (ICCD) camera (IVIS; Xenogen). Photons emitted from luciferase activity within the mice and then transmitted through the tissue were collected for a period of 5 min. A pseudocolor image representing light intensity was generated and superimposed over a gray-scale whole body reference image similar to the method described previously (Lee et al. 2002) . LivingImage software (Xenogen) was used to collect and analyze the bioluminescent images generated.
Results
Generation of lactase promoter-luciferase transgenic mice harboring DNA fragments corresponding to the -13910*T or -13910*C SNPs
To investigate the role of the -13910*C/T SNPs associated with lactase nonpersistence/persistence in mediating temporal gene regulation in transgenic mice, we initially generated DNA constructs comprising the 2-kb rat lactase promoter fused with a 218-bp fragment of the human lactase gene corresponding to the -13910*C (ancestral) or -13910*T (persistence) SNPs cloned upstream of a luciferase reporter gene (Fig. 1a) . Prior to use for transgenesis, we performed preliminary transfection studies in cell culture with the constructs. Intestinal Caco-2 cells were transfected with the lactase promoter-luciferase constructs and assayed 48 h after transfection. Transfection with the lactase nonpersistence-associated ancestral -13910*C SNP construct, pLacLuc-2kC, results in a 1.67-fold induction of promoter activity driven by the 2-kb lactase promoter (Fig. 2) . Transfection with the lactase persistence-associated -13910*T SNP construct, pLacLuc-2kT, results in a 2.66-fold induction of promoter activity driven by the 2-kb lactase promoter. Consistent with reports with different constructs (Olds and Sibley 2003) , both -13910*C/T region fragments are capable of enhancing promoter activity, while the lactase persistence-associated -13910*T construct possesses a significantly greater activity compared to the nonpersistenceassociated ancestral -13910*C construct (P \ 0.0005, pLacLuc-2kC versus pLacLuc-2kT). Transgenic mice were generated harboring the LacLuc2kC or LacLuc-2kT transgenes and were screened for transgene expression by in vivo bioluminescent detection (Fig. 1b) and by assaying for luciferase activity in intestine homogenates. Among the transgenic mice generated, one LacLuc-2kC line (C line) and two LacLuc-2kT lines (T1 and T2 lines) express the luciferase reporter gene. The number of transgenes integrated into the DNA of each founder mouse varies from 4 to 11 copies/cells (Table 1) .
Spatial restriction of LacLuc-2kC/T transgene expression along the length of the intestine
To define the regional expression of the LacLuc-2kC and LacLuc-2kT transgenes in the small intestine, luciferase activity was analyzed in tissue segments harvested along the length of the intestine in 2-week-old preweaned pups and 8-week-old adult mice. Specifically, the small intestine from mice of the C, T1 and T2 lines was divided into equal one-eighth segments (P1-8) beginning with the proximal duodenum and extending to the distal ileum. In preweaned mice, for all three lines, luciferase activity was detected throughout the length of the intestine as shown in Fig. 3a-c , pups. The broad spatial pattern of transgene expression is Fig. 1 Transgenic constructs and founder mice. Transgenic mice were established with the luciferase reporter constructs shown in the schematic (a). The 2-kb rat lactase promoter was fused with a 218-bp human gene sequence -14 kb upstream of the lactase gene harboring the -13910*C or -13910*T SNPs and then cloned upstream of the firefly luciferase reporter gene in pGL3-Basic to generate LacLuc2kC and LacLuc-2kT, respectively. b To screen for pups carrying the transgenes, luciferin was injected intraperitoneally into 7-day-old pups, and light emission was detected with an intensified chargecoupled device camera. LacLuc-2 kC line C transgenic (PCR?) mice that emit light localized to the abdomen are shown in blue and red. The non-transgenic (PCR-) F 1 littermates do not express luciferase and do not emit light. Blue illustrates the least intense and red the most intense light emission signals (color figure online) Fig. 2 Luciferase activity of LacLuc-2kC and LacLuc-2kT transgenes in cell culture. Caco-2 cells were transfected with pGL3, promoterless luciferase reporter construct, or with lactase promoter-luciferase reporter constructs and assayed for luciferase expression. pLacLuc2k, 2.0 kb of the rat lactase promoter, cloned in pGL3. pLacLuc-2kC and pLacLuc-2kT, human lactase gene -13910*C/T SNP region harboring a C or T corresponding to nucleotide -13910 cloned in pLacLuc-2k. Transfection efficiencies were normalized to renilla luciferase expression from a co-transfected pRL-CMV vector and expressed as relative luciferase activity (mean values ± SD, n = 3). *P \ 0.05; **P \ 0.05; ***P \ 0.05 Table 1 Copy number LacLuc-2kC and LacLuc-2kT transgenic lines
Line
Copy number
LacLuc-2kT T1 10.1 ± 3.5 T2 5.3 ± 2.2 similar to that of the endogenous lactase gene in neonates (Lee et al. 2002 , Krasinski et al. 1994 . In adult mice, for the LacLuc-2kC line C, maximal luciferase activity was detected in the distal duodenum and jejunum (P2 to P5 segments) with peak activity in the P2 and P3 segments as shown in Fig. 3a , adults. For the LacLuc-2kT line T1, maximal luciferase activity was detected in the P2 and P3 segments (Fig. 3b, adults) . For the LacLuc-2kT line T2, maximal luciferase activity was detected in the P2-P4 segments with peak activity in the P3 segment (Fig. 3c,   adults ). Of note, the level of luciferase expression for the LacLuc-2kT line T1 is much lower than the level of expression for the LacLuc-2kC line and LacLuc-2kT line T2 due possibly to integration site or copy number effects.
LacLuc-2kC mediates post-weaning decline of transgene expression, while LacLuc-2kT mediates persistent expression
Expression of the endogenous lactase gene declines dramatically post-weaning (*3 weeks) in mice. We have previously shown that the 2-kb rat lactase promoter region is capable of directing a similar post-weaning decline in mice harboring the LacLuc-2k transgene (Lee et al. 2002) .
To determine how the human -14-kb region containing the -13910*C/T SNPs affects the temporal decline, the proximal jejunum (P3) of 2-week-old pups and 2-monthold adult transgenic mice was harvested and transgene expression was quantified by measuring luciferase activity (Fig. 4) . In the LacLuc-2kC line C, luciferase activity declines *16 fold in adult mice (p = 0.0005). The post-weaning decline of transgene expression mediated by the LacLuc2kC promoter is similar to the temporal pattern of expression mediated by the endogenous lactase gene promoter and by the 2-kb rat lactase promoter in the previously described LacLuc-2 k line (5). By contrast, in the LacLuc-2kT line T1, luciferase activity is similar in pups and adults. In the T2 line, luciferase activity in adults is increased *1.5-fold compared to pups (p = 0.025). The persistent luciferase expression mediated by the Fig. 3 Spatial restriction of LacLuc-2kC and LacLuc-2kT transgene expression in the small intestine of 2-week-old pups and adults. Tissue along the length of the gastrointestinal tract was harvested from LacLuc-2kC line C1 (a) and LacLuc-2kT line T1 (b) and T2 (c) mice at 2 weeks of age (pups) and 2 months of age (adults). The small intestine was divided into equal one-eighth segments (P1-8) beginning with the proximal duodenum and extending to the distal ileum. Luciferase activity is expressed as arbitrary units per ug of total protein (mean values ± S.D., n C 3) Fig. 4 Temporal expression of the LacLuc-2kC and LacLuc-2kT transgenes during gut maturation. Proximal jejunum (segment P3) was harvested from LacLuc-2kC line C and LacLuc-2kT line T1 and T2 transgenic littermates killed at 2 weeks (pups) and 2 months (adults) of age. Luciferase activity per lg of protein is normalized to average activity at 2 weeks for each line. For line C, n = 6 pups and 6 adults. For line T1, n = 6 pups and 4 adults. For line T2, n = 13 pups and 13 adults. *p = 0.0005
Hum Genet (2012 Genet ( ) 131:1153 Genet ( -1159 Genet ( 1157 LacLuc-2kT transgene in the two independent lines is consistent with the single nucleotide switch at -13910 from C to T functioning to abolish the dramatic postweaning decline and allow for persistent expression.
Discussion
Although a strong association has been established between northern European lactase persistence/nonpersistence and the -13910*C/T SNPs, there have been no in vivo studies to address the role of the SNPs in mediating temporal regulation of lactase gene expression. In our transgenic mouse study, the -14-kb region containing the lactase nonpersistence-associated -13910*C SNP mediates a post-weaning decline of reporter gene expression in the LacLuc-2kC line. By contrast, the same region containing the lactase persistence-associated -13910*T SNP allows for persistence of transgene expression in the two independent LacLuc-2kT lines. Our in vivo results support a causal role for the -13910*C/T SNPs identified from genetic association studies in determining lactase gene temporal regulation in humans and thereby specify the lactase persistence/nonpersistence phenotype. The precise mechanism by which the -13910*T SNP functions to mediate persistent expression of the human lactase gene remains to be determined. Potential mechanisms might involve a transcriptional repressor that binds to the -14-kb DNA region ancestral sequence or epigenetic modification of the region upon maturation that functions to mediate a decline in lactase gene expression. The -13910*T SNP might function to prevent binding of the repressor to the region or prevent epigenetic modification, thereby allowing for persistent gene expression. In vitro studies have shown that the -14-kb region DNA sequence corresponding to the lactase persistence SNPs can enhance transcriptional activation of the lactase promoter compared to the ancestral sequence in cell culture (Jensen et al. 2011; Lewinsky et al. 2005; Olds et al. 2011; Olds and Sibley 2003; Troelsen et al. 2003) . In addition, previous reports have indicated that the SNP sequences can interact differentially with intestinal cell nuclear proteins and with the transcription factor Oct-1 (Ingram et al. 2007; Jensen et al. 2011; Lewinsky et al. 2005; Olds et al. 2011; Olds and Sibley 2003; Troelsen et al. 2003 ) that is capable of stimulating lactase promoter activity in cell culture (Ingram et al. 2007; Lewinsky et al. 2005; Olds et al. 2011) . Binding sites for GATA, HNF4alpha, Cdx-2 and Fox transcription factors have also been identified in the -13910 SNP region (Lewinsky et al. 2005) .
In addition to mediating distinctly different temporal expression patterns, mouse lines generated from LacLuc2kC to LacLuc-2kT lines have distinct spatial transgene expression patterns. Consistent with the broad intestinal spatial expression pattern of the endogenous lactase gene in newborn mice that narrows to the proximal and middle sections of the small intestine upon maturation, the LacLuc-2kC and LacLuc-2kT lines similarly display a broad expression pattern in pups that narrows upon maturation in adults. Transgene expression for the C, T1 and T2 lines is restricted, however, to a more anterior spatial region with localization most proximal for the T1 and T2 lines. We conclude that addition of the human -14-kb region containing either -13910*C or -13910*T does not affect gross targeting of transgene expression to the small intestine, but does influence fine patterning of spatial restriction along the anterior-posterior gut axis.
We have previously demonstrated that the LacLuc-2k lactase transgene is accurately expressed in enterocytes of the small intestine (Lee et al. 2002) . While similar enterocyte expression is anticipated for the LacLuc-2kC and LacLuc-2kT transgenes, it is possible that addition of the human -13910*C/T fragments may result in ectopic transgene expression. Transgene expression may also be affected by chromosomal integration or copy number effects. Lack of a significant difference in copy number between the C, T1 and T2 lines, however, argues against a copy number effect to account for their different developmental expression patterns. Specifically, the copy numbers of the C and T2 lines are similar (4.4 ± 1.7 and 5.3 ± 2.2, respectively), while their temporal expression patterns upon maturation are dramatically different.
In addition to providing in vivo support for the role of the -13910*T and -13910*C SNPs in functioning to mediate lactase persistence and nonpersistence, respectively, the LacLuc-2kT and LacLuc-2kC transgenic lines provide model systems to study mechanisms involved in spatiotemporal gene expression during development and aging that is not possible in mammalian cell culture and in vitro.
